The suitability of radiochromic EBT film was studied for high-precision clinical quality assurance (QA) by identifying the dose response for a wide range of irradiation parameters typically modified in highly-conformal treatment techniques. In addition, uncertainties associated with varying irradiation conditions were determined. EBT can be used for dose assessment of absorbed dose levels as well as relative dosimetry when compared to absolute absorbed dose calibrated using ionization chamber results. For comparison, a silver halide film (Kodak EDR-2) representing the current standard in film dosimetry was included. As an initial step a measurement protocol yielding accurate and precise results was established for a flatbed transparency scanner (Epson Expression 1680 Pro) that was utilized as a film reading instrument. The light transmission measured by the scanner was found to depend on the position of the film on the scanner plate. For three film pieces irradiated with doses of 0 Gy, ∼1 Gy and ∼7 Gy, the pixel values measured in portrait or landscape mode differed by 4.7%, 6.2% and 10.0%, respectively. A study of 200 film pieces revealed an excellent sheet-to-sheet uniformity. On a long time scale, the optical development of irradiated EBT film consisted of a slow but steady increase of absorbance which was not observed to cease during 4 months. Sensitometric curves of EBT films obtained under reference conditions (SSD = 95 cm, FS = 5 × 5 cm 2 , d = 5 cm) for 6, 10 and 25 MV photon beams did not show any energy dependence. The average separation between all curves was only 0.7%. The variation of the depth d (range 2-25 cm) in the phantom did not affect the dose response of EBT film. Also the influence of the radiation field size (range 3 × 3-40 × 40 cm 2 ) on the sensitometric curve was not significant. For EDR-2 films maximum differences between the calibration curves reached 7-8% for X6MV and X25MV. Radiochromic EBT film, in combination with a flatbed scanner, presents a versatile system for highprecision dosimetry in two dimensions, provided that the intrinsic behaviour of the film reading device is taken into account. EBT film itself presents substantial improvements on formerly available models of radiographic and a radiochromic film and its dosimetric characteristics allow us to measure absorbed dose levels in a large variety of situations with a single calibration curve.
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Introduction
During the last two decades, a rapid evolution of the available treatment methods has taken place in radiation therapy. In state-of-the-art precision treatment techniques (such as intensitymodulated (IMRT) or stereotactic (SRT) radiotherapy or dynamic techniques), irregular fields and steep dose gradients are applied in order to achieve dose distributions which are highly conformal to the target volume and spare organs at risk and healthy tissues. Under these conditions, a high spatial and dosimetric accuracy during treatment delivery is of crucial importance for the effectiveness and success of the treatment prescribed.
As a consequence, special quality assurance (QA) procedures, exceeding the customary expenditure and complexity, have been developed together with the increasingly sophisticated treatment techniques (Tsai et al 1998 , Low et al 1998 , Stock et al 2005 . They typically include the verification of absolute doses at one or more reference points as well as of twodimensional dose distributions in different planes in a water-equivalent phantom. Conventional dosimeters, such as ionization chambers, semiconductor detectors and thermoluminescent detectors (TLDs), do often fail to meet the requirements (high spatial resolution, twodimensional information, determination of absolute doses) demanded by such measurements. Furthermore, the determination of dose distributions with point detectors is converted into a very time-consuming process unless detector arrays are used.
Film dosimeters present some evident advantages for being 2D detectors that offer permanent records of the ionizing dose distribution measured at high resolutions. Silver halide films, however, have the disadvantage of a pronounced energy dependence (Muench et al 1991 , Palm et al 2004 due to their material composition (high-atomic-number constituents). This causes their dose response to be sensitive on variations in the spectral composition of the radiation used (e.g. when field size is varied) and introduces systematic errors for most usual treatment plans (Yeo et al 1997 , Ju et al 2002 . Radiochromic films use a radiation-sensitive dye (usually diacetylene monomers), organized into microcrystals and embedded in a gelatin binder, to measure the energy dose of ionizing radiations. Upon irradiation, a solid-state polymerization takes place and the film adopts a progressively blue colour. Generally presenting a good tissue equivalence, they were characterized by a low sensitivity to ionizing radiation until recently (Ramani et al 1994 , Meigooni et al 1996 , ChiuTsao et al 2004 . This minimized their use in external beam therapy applications, since typical fractional doses could not be measured with radiochromic detectors (Niroomand-Rad et al 1998) . Recently, the new radiochromic film model GafChromic EBT, designed by the manufacturer to overcome the limitations presently existing in external beam therapy QA, was introduced. It offers a high sensitivity comparable to that of a radiographic film and allows for clinically relevant doses to be accurately determined, measures absorbed dose levels with a low spectral sensitivity due to its composition (i.e. tissue equivalence), provides an excellent image resolution, does not require chemical processing, and can be handled and prepared in room light. For these reasons, EBT film seems to be a promising candidate for high-quality dosimetry in IMRT and SRT applications (Todorovic et al 2006 , Paelinck et al 2007 .
In this paper, general features of radiochromic film EBT are described when evaluated with a flatbed transparency scanner as a reading instrument. Firstly, a measurement protocol yielding accurate and precise results was established for this new dosimetric system. Then, the suitability of EBT film was studied for high-precision clinical QA by identifying the absorbed dose to water response for a wide range of irradiation parameters typically modified in highlyconformal treatment techniques. Finally, uncertainties associated with varying irradiation conditions were determined. For comparison, a silver-halide film (Kodak EDR-2) that is frequently used in precision radiotherapy and therefore represents the current standard in film dosimetry is included in the present study.
Materials and methods

Linear accelerator
All measurements were performed with an ELEKTA linear accelerator, type Sli precise (ELEKTA Oncology Systems, Crawley, UK), providing three photon energy spectra with nominal acceleration potentials of 6 MV, 10 MV and 25 MV. In the isocentre plane (sourceto-axis distance 100 cm), quadratic fields from 1 × 1 cm 2 to 40 × 40 cm 2 as well as irregular fields can be delivered with the integrated standard multi-leaf collimator.
Film types
GafChromic EBT (International Specialty Products, NJ, USA) is a new model of sensitive radiochromic film that has a series of advantages compared to older versions of radiochromic film. It is supplied in sheets of 8 inch×10 inch and recommended for a dose range of 2-800 cGy by the manufacturer. EBT films consist of two active layers (total thickness 34 µm) separated by a surface layer (6 µm) coated onto a polyester base (97 µm at each side). The atomic composition of the film material (42.3% C, 39.7% H, 16.2% O, 1.1% N, 0.3% Li and 0.3% Cl) for the first time includes the moderate atomic number element chlorine (Z = 17), raising Z eff to 6.98 and suggesting that the photoelectric absorption of low-energy photons will be boosted and hence compensating for the lower response below 50 keV of previous types of GafChromic film (MD-55, HS). The novel sensitive component gives the unexposed film a lilac hue, which upon irradiation immediately changes to a blue colour. No shift of the maxima in the absorption spectrum, located at about 636 nm and 583 nm, with irradiation has been observed , Devic et al 2007 . For the measurements carried out in this work, EBT sheets from batch number 35146-003AI were used.
EDR-2 is a silver halide film commercially available in sheets of 10 inch × 12 inch from Kodak (Eastman Kodak Company, NY, USA). It consists of two sensitive layers (each ∼30 µm) on a 180 µm cellulose base and measures ionizing radiation doses from 1 cGy to 400 cGy. At this moment, it is widely used for the verification of treatment plans for highly-conformal techniques in teletherapy, such as intensity-modulated radiotherapy and stereotactic radiotherapy. The main drawbacks of EDR-2 film are its energy dependence and the over-response to low-energy scatter dose, making it necessary to use separate calibration curves for different beam qualities or, as an alternative, calculate relative sensitometric curves (Ambonville and Marinello 1979, Georg et al 2003) . After irradiation, EDR-2 films were processed in an automatic developer (Kodak M35 X-OMAT processor) following the protocol used for other radiographic film quality assurance or dosimetry procedures.
Film scanners
Epson Expression 1680 Pro (Seiko Epson Corporation, Nagano, Japan) is a desktop flatbed colour scanner that was used with the corresponding transparency unit for scanning EBT films. It scans opaque or transparent samples up to US letter format with a colour depth of 24 or 48 bits in the red-green-blue (rgb) colour mode and 8 or 16 bits in greyscale mode. The highest physical resolution available is 3200 dpi (dots per inch) in both directions, producing 7.9 × 7.9 µm 2 pixels. As a light source in the transparency unit, a white fluorescent xenon lamp behind a diffuser is used. The light detector is a charge-coupled device (CCD) coated with three optical filters that split the incident light spectrum into three measurable wavelength bands corresponding to the subtractive primary colours red, green and blue. As a default, EBT films were scanned in 48-bit colour mode (i.e. 16 bits, or pixel values in the range 0-65535, per channel) at 150 dpi resolution without applying any image processing features (such as contrast enhancement, colour correction, etc) or compression. This type of scanner has been recently investigated in detail for radiochromic film dosimetry (Paelinck et al 2007) .
The department's standard film digitizer Vidar VXR-12 plus (Vidar Systems Inc., VA, USA) was used for scanning EDR-2 films. It operates with a fluorescent white lamp and a linear CCD, producing greyscale images with a 12-bit signal resolution (detailed technical information is given in Mersseman and De Wagter (1998) ). Film sheets up to a size of 14 inch × 36 inch can be scanned at a spatial resolution in the range 85-423 µm. On all occasions, the dosimetric programme RIT 113 (Radiological Imaging Technology, Inc., CO, USA) was used to take scans at 169 µm image resolution.
Phantoms and geometric setup
The standard geometry used for measurements with both types of film was an isocentric, perpendicular setup. For irradiation, EBT film pieces sized between 4.1 × 4.2 cm 2 and 6.8 × 6.4 cm 2 were placed in uniform high-energy photon beams at a depth d between 30 × 30 cm 2 slabs of solid water (type 457, Gammex rmi, WI, USA) of varying thickness. Under the film, 10 cm of solid water ensured full backscatter conditions. Only quadratic field sizes (FS) were used.
The reference conditions were fixed through the following parameters: d = 5 cm, sourceto-detector distance SSD = 95 cm, FS = 5 × 5 cm 2 , output rate = 400 MU min −1 . After determining characteristic curves under reference conditions for all energies (doses from 20 cGy to 900 cGy), sensitometric curves were measured varying one setup parameter each for both film types. The following clinically useful ranges were chosen in order to detect possible factors of influence: depth: 2-25 cm (EDR-2: 2-15 cm), field size: 3 × 3 cm 2 -40× 40 cm 2 , energy: 6-25 MV. In addition, the output rate was varied in the range 25-500 MU min −1 (approximately 25-490 cGy min −1 , depending on the energy used) for one dose point (∼2 Gy).
Reference dosimetry
Before or after irradiating films for dosimetric measurements, absolute dose measurements were performed with a Farmer-type ionization chamber (type M30006) and an electrometer (type Unidos T10001; both from PTW FREIBURG, Freiburg, Germany) calibrated together. For these measurements, the ionization chamber was positioned in a 2 cm thick plate of polystyrene at the isocentre, replacing the dosimetric film. Above and below the polystyrene slab with the ionization chamber, solid water was used as usual for build-up and backscatter. The absorbed dose to water was determined according to the International Atomic Energy Agency's (IAEA) recommended absolute dosimetry protocol (TRS 398) applying appropriate correction factors for beam quality and environmental conditions.
Gafchromic film dosimetry specific investigations
For the measurements with EBT films and the Epson scanner, the following guidelines were established to ensure maximum reproducibility. Films were always handled with gloves, and care was taken to avoid mechanical strain where possible. Furthermore, the film pieces were cut 1 day prior to irradiation to allow for disturbances around the edges to mechanically relax before irradiation and readout. Digitizing of the films took place on the day following irradiation using the 'Epson Scan' program provided with the scanner. After taking 5-10 successive scans for warm-up at the beginning of a measurement series, each measurement consisted of eight successive scans, the last five of which were used. Such a procedure minimized the impact of scanner noise and warming up effects of the scanner lamp (Devic et al 2005) . A positioning frame was used to place each film piece in the centre of the scanner bed in a reproducible fashion (see section 3.1) but was removed while scanning. Films were scanned in portrait orientation since this allows for entire film sheets to be digitized. When not needed for a certain time period, the scanner was always turned off. While not in use, films were stored in light-tight envelopes under constant atmospheric conditions (normal laboratory temperature, atmospheric pressure and humidity).
The reproducibility of the flatbed scanner was obtained using a film piece that had been irradiated several days before (∼2 Gy) and was scanned repeatedly at different times. In order to determine the homogeneity of the scanner's response, two film pieces (exposed to 8 Gy and unexposed) were digitized at nine different positions on the scanner table. The dose resolution of the system 'EBT film & flatbed scanner' was calculated from a sensitometric curve previously generated (doses from 20 cGy to 900 cGy) by multiplying the standard deviation of pixel values in the region of interest for each dose with the value of the first derivative of the fit function at the respective dose point.
For the determination of the influence of the film orientation during scanning, three film pieces (0-∼7 Gy) were scanned both in landscape and portrait orientation. The uniformity of EBT film was investigated in two different types of analysis: on the one hand, 200 2 × 2 cm 2 film pieces cut from different regions of 5 film sheets and exposed to doses from 0-400 cGy were compared to quantify uniformity at a large scale. On the other hand, horizontal and vertical profiles through uniformly irradiated (1 Gy) 2.4 × 3.4 cm 2 film pieces cut from different regions of one sheet were examined in order to determine the local uniformity.
The post-irradiation colouration of EBT film was first investigated by digitizing one film (exposed to a dose of ∼100 cGy) repeatedly at 10 min intervals during 4.5 h at the Vidar scanner. The long-term development of the radiochromic dye after irradiation was then recorded for a whole dose response curve consisting of six film pieces (doses from 90 cGy to 810 cGy). The films were repeatedly scanned at the flatbed scanner at readout times from 17 h to 4 months.
After scanning EBT films, the images of the film pieces obtained were saved as TIFF (tagged image file format) files and then imported into MATLAB (The MathWorks, Inc., MA, USA) for further processing. Pixel values (pvs) measured in the regions of interest (ROIs) selected were averaged for each colour channel. When multiple scans of the same film were taken in succession (standard procedure), the final result was the mean value over the same ROI of the five last scans. Since the measured pv of irradiated films had proven stable and highly reproducible even for different sheets of film, no attempt was made to correct for the fog readings. The mean value of the pvs measured before irradiation for all film pieces used for a specific sensitometric curve was, however, always included as the first point (corresponding to 0 cGy) in the resulting data set. Thus, where used with EBT films, the optical density was calculated from
For evaluating EDR-2 films, the built-in functions of the RIT software were used to directly select and save regions of interest and to obtain OD values. In that case, a single scan was used per radiation field to be analysed.
Where different curves are compared, their mean relative separation
and maximum relative separation
were calculated, where f n,i is the value of the fit function i at dose point n and N is the number of dose points (dose range). i takes values from 1 to k, where k is the number of curves to be compared.
Results
Performance of the new dosimetry system
The reproducibility of the flatbed scanner found for time intervals of some minutes (intrasession), hours (inter-session) or days between the scans is presented in table 1. represents the maximum difference between the mean pixel values measured in the respective cases. For all cases, was below 1%, demonstrating an excellent reproducibility of the scanner readings. During multiple consecutive scans, significant warm-up effects (exceeding 0.1%) were not observed. Figure 1 shows the experimental dose resolution (% uncertainty of the absorbed dose measured at one point due to the standard deviation σ pv of the pv of a single pixel with respect to the pv average over the ROI) offered by the different colour channels. As can be seen, the relative dose uncertainty σ D within the region of interest (50 × 50 pixels) inspected decreases with dose for all cases. For the greater part of the recommended dose range, σ D is smallest for the green channel, stabilizing to approximately 1.3% for doses 3 Gy.
Considering the results from our reproducibility and dose resolution study and the dynamic range and dose response curve (figure 2) found for the different colour channels, it was decided to use the green channel for further measurements. This provides stable and reproducible readings, a high dose resolution, uses 49% of the available transmission values (dose range 0-9 Gy), and showed the highest accuracy of the polynomial functions fitted to experimental dose response data. The light transmission measured by the Epson scanner was found to depend on the position of the film piece on the scanner plate. Although no significant effect was observed when moving films vertically in the scanner bed, horizontal displacement (along the light source's extension) resulted in a clear effect. Depending on the irradiation level, the inhomogeneities in the pixel values amount to up to 8% with respect to the central position (see table 2). The orientation of EBT films during the digitizing process also showed to have a significant effect on the scanner readings. For three film pieces irradiated with doses of 0 Gy, ∼1 Gy and ∼7 Gy, the pixel values measured in portrait or landscape mode differed by 4.7%, 6.2% and 10.0%, respectively (the standard deviation of the sample of five scans taken in the same orientation was below 0.1% in all cases). This corresponds to differences in the optical density of 9.5%-19%. For all doses, scanning in landscape orientation resulted in higher pixel values (lower OD).
The study of 200 film pieces revealed an excellent sheet-to-sheet uniformity. The pixel values measured for films exposed to the same dose agreed within 0.6% (1 σ ), and there was no correlation between the pvs obtained and the origin (sheet) or history (scan turn) of the films. Furthermore, the perpendicular profiles (along the major axes) through uniformly irradiated films did not show any qualitative or quantitative differences (typical example in figure 3 ). For both the horizontal and vertical profiles examined, the standard deviation calculated for all pixel values was 0.3%, and the maximum difference amounted to 2.0%. No differences were observed between the profiles obtained from different film pieces (different regions of the film sheet used). Combining the large-scale uniformity information (comparison of film pieces taken from different regions of the same sheet as well as different sheets) with the study of local variations (profiles through small regions), we infer that both local and global uniformity of an EBT film are better than 1% and that no 'bad direction' exists.
The post-irradiation colouration, investigated at a short term (48 h), was found to stabilize rapidly. The net optical density measured 2 h after irradiation termination represented 97% of the reference value (OD net (24h)), and after 4 h, 98% of the reference OD net were reached. This represents an approximate 1% increase in net OD from 2 to 4 h post-irradiation. The standard deviation between the net OD values measured within the fourth hour was 0.4%, confirming that readout was no longer affected by fluctuations due to the film's image forming process. On a longer time scale, the optical development of EBT films irradiated to six different dose levels (one film piece per dose) consisted of a slow but steady increase in absorbance which was not observed to cease during 4 months (measurements for ten post-irradiation times). Three weeks after irradiation, OD net had increased by 0.006-0.013 (90 cGy and 810 cGy, respectively), corresponding to between 6.9% (90 cGy) and 3.1% (810 cGy) of the respective reference value (OD net (24 h)). After approximately 4 months, the measured net optical densities differed by 0.010-0.022, corresponding to 12.4-5.4%. The initially steep (first 2-3 weeks) and subsequently slow increase in absorbance we observed suggests that the increase in OD measured for very long post-irradiation times (∼months) could be due to a natural film ageing (for comparison: unirradiated films showed an OD increase of 0.001 (0.8%) during 1 month).
Energy dependence
The sensitometric curves obtained for all photon energies under reference conditions (SSD = 95 cm, FS = 5 × 5 cm 2 , d = 5 cm; see figure 4) did not show any energy dependence in the MV range. The average separation between all curves (calculated along a 1 cGy dose grid in the range 2-800 cGy according to (2)) amounts to 0.7%, and the maximum separation (3) is 1.4%. Over the greater part of the inspected dose range, the curves are virtually indistinguishable from each other as can be seen in figure 4. Hence, a single calibration function for the absorbed dose D(pv) was built for all energies. Results of all later sections will be compared to this reference curve.
Dependence on irradiation parameters
The variation of the depth d in the phantom (range 2-25 cm, all photon energies) did not affect the dose response of EBT film (data points obtained at 10 MV are shown in figure 5) . No trends or systematic differences were observed for five different depths. The comparison for all dose points between measured pv and pv predicted by the reference curve showed that 80% of all data points measured at non-reference depths agreed within 2% with the reference curve. It should be noted that, although each curve was measured only once, the data presented were acquired in different measurement sessions and the deviations calculated therefore include statistical inter-session variations. Also the influence of the radiation field size (3 × 3-40 × 40 cm 2 ) on the sensitometric curve, represented for the 10 MV energy in figure 6 , was not significant. Although there is a general tendency to pixel values lower than the value expected according to the reference curve, this is attributed to statistical variations since the different curves were not measured in the same session. The comparison between measured and predicted pv for all dose points revealed that 60% of all data points obtained for non-reference field sizes were within a 2.5% tolerance margin of the calibration curve. EBT film pieces irradiated with doses corresponding with 200 MU under reference conditions at all three energies did not present any dependence on the dose rate applied. However, a slight increase in the standard deviations of the mean pv of these film samples (compared to the usual reproducibility of ∼0.5%, see section 3.1) was noted when using all nominal output rates available for the respective energy. Table 3 shows the standard deviations σ pv and maximum differences pv for all energies. The higher standard deviations of samples with different dose rates might be a machine effect rather than a film effect, since it is likely that output variation is larger the more parameters are varied.
Comparison to EDR-2 film
In contrast to EBT films, Kodak EDR-2 films exhibit a clear energy dependence of the sensitometric curve which tends to a higher OD net for higher energies. The separation Table 4 . Divergence of the sensitometric curves found for EBT and EDR-2 at different depths (EBT: 2-25 cm, EDR-2: 2-15 cm) and for different field sizes (3 × 3-40 × 40 cm 2 ) in their common dose range. The mean (2) and maximum separations (3) are given for each set of curves. The last columns 'Dose' specify the dose value at which the maximum separation was obtained. between calibration curves for 6 MV and 25 MV photon beams (OD net (D), calculated along a 1 cGy dose grid in the range 50-400 cGy) was 6.5% on average and had its maximum (7.1%) at 165 cGy. For lower doses (smaller OD net (D)), the separation reached 8.5%. When varying the depth in the phantom (2 cm, 10 cm and 15 cm), the dose response curves of EDR-2 film showed qualitative differences (varying slopes, shifts) and intersections for the different depths. Generally, no satisfactory correspondence was achieved. Similarly, the sensitometric curves were affected by a variation of the field size (3 × 3 cm 2 , 15 × 15 cm 2 and 40 × 40 cm 2 ), presenting large shifts between each other. Especially the curves for the smallest field showed poor agreement with data measured at the other field sizes for all energies. Table 4 gives a quantitative comparison of the stability of the sensitometric curve against variations of depth and field size for the two film types EDR-2 and EBT. It contains the average and maximum separation between the curves obtained at different depths or field sizes for all energies and for both film types. (Please note that although different quantities are read out for both film types, the comparison made here and in table 3 considers only relative deviations between measured values.) It can be observed that the largest average separation calculated for EDR-2 film, 16.5%, is more than twice the respective value for EBT film (6.4%).
A dose rate dependence of EDR-2 film, with a general tendency to higher OD readings with increasing dose rate, was observed. The standard deviations σ OD between the values measured for each energy are roughly twice the values found for EBT films (table 3) but decrease with increasing energy whereas for EBT they increased for higher energies. Furthermore, their range OD is clearly larger than the pv range ( pv ) determined when using different dose rates with EBT film.
Discussion
The first part of the present study was devoted to investigations that qualify the Epson Expression transparency scanner as a measurement device for the use with GafChromic EBT films. This system provides reliable dosimetric information in the green colour channel due to its highly reproducible readings and the superior dose resolution. However, special care has to be taken with the positioning and orientation of EBT films in the digitizing process. A rotation of 90
• of the film on the scanner table causes significant changes of the light intensity detected by the scanner (measured pv) and should therefore be avoided. The orientation effect found is in agreement with previous results obtained by Lynch et al (2006) with the same scanner (red channel) but is less than what has been reported for other scanners (Lynch et al 2006 , Zeidan et al 2006 . Since the scanner's response is not homogeneous for the entire scan field, a correction function or matrix, possibly depending on the pv or OD, should be elaborated before entire film sheets are scanned. This is in agreement with conclusions drawn by Paelinck et al (2007) . The lower pixel values measured at the left and right edges of the scanner bed (edge of the light source) may be due to a lesser fraction of light reaching the CCD as some of it is scattered outside the scanner. Our results further confirm that an EBT film presents several substantial improvements on formerly available models of GafChromic film. Apart from the higher sensitivity wished for by the radiotherapy community and the better tissue equivalence, the improved uniformity and the faster polymerization kinetics are very important features. In our experiments, EBT films showed a uniformity better than 1% for pieces cut from different sheets and along perpendicular profiles and did not exhibit any directional dependence, as reported for older versions of a radiochromic film (Meigooni et al 1996) . An enhancement of uniformity, such as was achieved for the predecessor models with the double-exposure technique proposed by Zhu et al (1997) , is therefore not needed. The rapid post-irradiation colouration found for EBT film (very similar to results presented in Butson et al (2005) and Rink et al (2005) ) provides stable conditions for high-precision readout as soon as 2-4 h after irradiation. Consequently, the application of the rapid colour stabilization technique, as introduced by Reinstein et al (1998) , is no longer necessary. These improvements facilitate highly accurate dosimetry without the need for any previous treatment of the films or posterior comparison of the 'raw' pv to reference values (e.g. fog pv) for dose calculation, emphasizing the simplicity of the method.
The comparison of sensitometric curves and single data pairs (dose versus pv) measured for three high photon energies under different irradiation conditions proves EBT film to offer excellent qualities as a film dosimeter. The dose information obtained with EBT is independent of the energy applied in the inspected range 6-25 MV, which extends the virtually energyindependent behaviour found by Chiu-Tsao et al (2005) to higher energies. Hence, one common calibration can be built for all energies. During the variation of measurement depth and field size in the ranges 2 cm-25 cm and 3 × 3 cm 2 -40 × 40 cm 2 , no significant influence on the dose response (compared to the experimental reproducibility of the characteristic curve as a whole, estimated from preliminary studies with 3.0%) was detected. Slightly larger pv deviations near the high end of the useful dose range are attributed to the lower signal-to-noise ratio in that region. This is a general but intrinsic characteristic of film scanning devices (Merseman and De Wagter 1998) . No dose rate dependence was found, although an increase in the standard deviation σ pv of the measured pv was noted when using different dose rates. A similar effect was already reported by Rink et al (2005) .
In contrast, radiographic EDR-2 film presented a clear energy dependence and the sensitometric curve showed pronounced effects when varying depth or field size. These results and previous studies indicate that the dosimetric response of the silver halides used is sensitive to changes in the beam's spectral composition like those produced by different setup conditions or additional elements (wedges etc) present in the beam line (e.g. Georg et al (2003) ). Also a dependence of the dosimetric results on the dose rate used was observed. Unlike with EBT film, no single calibration can therefore be used to convert net optical density readings into the absorbed dose for different nominal energies or setup parameters. The ease of handling in a processor-less environment while providing highly reproducible and accurate dosimetric results is a further clear advantage of EBT for routine film quality assurance.
Additionally, the radiochromic film eliminates considerable influences often introduced by the chemical processing in radiographic film dosimetry.
Conclusion
All these findings verify the suitability of the EBT model for clinical dosimetry, given its ability to accurately measure absorbed dose levels in a large variety of situations (different energy and irradiation parameters) with a single calibration curve. This flexibility of EBT indicates an excellent dosimetric behaviour in measurement conditions that are challenging due to their complexity or difficulty of prediction. This is generally the case in quality assurance procedures related to sophisticated radiotherapeutic techniques where multiple fields, angles and energies and gantry movement can be used for optimal conformation to the target. Consequently, GafChromic EBT films, in combination with the Epson Expression Scanner, present a versatile system providing high-precision dosimetric information in two dimensions and are expected to give accurate results in QA procedures involving the verification of dose distributions.
